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Charting the heliosphere in three dimensions

M. Ncttgcbaucr
Jet Propulsion I.atwralory,  California lnstimm of ‘1’cchnology,  Pasadrm, CA

Space physicists continue their exploration of lhc solar
syslcrn’s home in the galaxy -- [hat bubble of space, called the
hcliosphc.rc, carved OU1 of lhc intcrslc]lar  medium by lhc solar
wind. Stuclics of the hc.liosphcric  plasma arc driven by the
search for answers to qucs[ions such as: What nlcchanisms  arc
responsible for the acceleration of (I1c solar wind? }Iow do the
propcr[ics  of Ihc sol,ar wind CVOIVC.  with dis[ancc from the Sun?
What is Lhc nature of the in[crac[ion of the solar wind wi[h [hc
interstellar rncdium?

The principtl  progress ma(ic in the lasl four years has conic
from data obtained by the }’ionccr and Voyager spacccraf[
moving away from d)c Sun at roughly 3 AU/year, from the first
n~emurcmcnts at high la[i[ucics currcntJy being made. by the joint
European-NASA mission named Ulysses, and from con[intscd
remote sensing of lhc inner hc]iosphcrc. Ilis review focuses on
Ihc  average values of (hc plasma velocity, density, and
[cmpcralurc  and [he magnc[ic. field in differcn[ regions of ~hc
hcliosphcrc,  lcoving discussion of lhc dc[ails of many imponan[
structures and proccsscs  to other papers.

The Outer Iidiosptwre

In nlid-199d,  Pioneer 10 was -60 AU flom the Sun, while the
solar ranges of Voyagers 1 and 2. were -56 and 42 ALJ,
respcclivcly,  Even at such grca[ distance.s, the solar wind speed,
averaged over a solar rola[ion or longer, is C1OSC 10 diat observed
near Ear[h  [Barnes el al., 1992; BurIaga  and Ness, 1993a ;
llelcher et al., 1993; Gazis  et al., 1994]. Both the Voyager and
Pionrxr  da[a continue [o show bo[h solar-cycle variations and
-25-day vari~tions associatd with solar rotation. Richardson ef
al. [1994] have also reported a 1.3-year pcriodic~ty in solar wind
speed al both Voyager aJKI F,mlh  over the years 1987-1 994; the.
cause of the 1.3-year variation is not known. The. ampli[udcs of
all these speed variations climinish wi[h distance from [hc Sun
duc [O thc [ransfcr of nlon~cnhmr when fiis[ wind collides with
slower win(i in ils path. Figure 1 shows daily averages of the
spcccl and density of the solar wind observed by Voyager 2
bc[wcen January, 1990, and June, 1993, when the spacecraft was
31 to 39 AU from the SUJ1 [Belcher ef al., 1993]. The -70 km/s
variations measured at Voyager in 1993 wc.rc considerably
smaller than the -300 km/s variations measured during the.
sarttc  period near Earlh  by IMP 8. (IMP =: Interplanetary
Monitoring Platform; 1 MP 8 has moni(orcd the nc.ar-flarth soltir
wind since 1973.)

lllc Voyager and Pioneer clala have reccndy been rcproccsscd
using ncw algori(hrns  which allow the computation of ion
tcmpcra[urc  to lower values than previously possible [Gazis er
af.,  1994]. The average proton tcmpc.rature  dccrcascs with
increasing solar distance r as r 07 out to 20 AU, and is lCSS well
dc[crmincd  bu[ consistent with lhat power-law cooling ralc out
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[o [hc prcscn[ dislanccs  [Gazis cf al., 1994]. When compared 10
the rs~ power law cxpcctcd for trdiaba[ic cxpiinsion, it is clear
that something continuously hca[s ti;c promrrs, but Lhc cncrgy-
lransfcr nlcchanisms  arc nol  yet identified. Intcrplanclmy
shocks arc impor[an[ in dc[crmining  LIIC struc[urc,  ctynarnics,
and thermodynamics of the solar wind inside -10 AU [tV/long,
1991], but both the number and [hc s[rcng[h  of shocks arc
s(rongly diminished al greater dis[anccs [Iturla,ga,  1994]. 1[ is
not yet known whc[hcr [hc plasma hca[ing in [hc  oulcr
hcliosphcrc is caused by turbulent cascades, by instabilities
resulting from the pickup of intcrstc]lar ions, or by o[hcr
mechanisms.

Even Icss is known about the thermodynamics of clcc[rons in
the oulcr hcliosphcrc.  The inshuncn[s  on Voywgcr  can measure
clcc[ron cncrgics only above a 10 CV threshold and have
thcrcforc  obtained little clcc[ron da[a beyond 10 AU, Ulysses is
the first spacecraft 10 bc flown beyond 1 AU with [hc capability
of resolving lhe two components of the inlcrplanctary  clcclron
rfis[ribution -- narncly the ticrmali?.ed  core population ami the
nearly collisionlcss,  higher energy halo population which c:irrics
most of the heat flux from dIc corona into the wind. McCotnas
ef af. [1992] rcpor[cd that [hc core electron tcmpcri][urc
observed by Ulysses bctwccn  1 and 4 ALJ dcc.rcascd,  on [hc
average, as r“~, which, perhaps surprisingly, is tbc same as Lhc
pro[on Lcmpcra[urc profile measured by lhc Pioneers. l“hc core
electron tcmpcraturc  could also bc cslimtitcd from noise spectra
obtained by the radio scicncc cxpcrirncn!. on Ulysses, and from
those data Iloang  et al. [ 1992] rcporkxl that there were dif[crc.nt
power ktws for different [WCS of solar wind flow and that the
average core [cmpcraturc  was nearly constant from 1 to 3 AU.
A power law of r07 can, however, bc fit tiwough  their published
data  within  the ra[hcr  large error bars. Other results from
McCon\a.s  ef al. [1992] arc [hat: (1) [hc ratio of Lhc core
temperature to the energy of Lhc boundary bc[wecn the core and
halo populations remains roughly constant at the value
dlcorc[ically  prcdictcd  by Scudder  and Ofberf [ 1979], (2) the
ratio of halo 10 core dcnsilics  has rc)ughly  a constant value of
0.04, which is not readily uncicrstood theoretically, and (3) the
heat flux drops off as r236, which is consis[cnt wi[h data
obtained bctwccn 0.3 and 1 AU by [lIC Hclios missions [Pilfip d
al., 1990].

Although the direction of the solar-wirid flow is usually C1OSC

to radially away from the Sun, Voyager 2 observed a period of
large-scale, systcma[ic  norlh-sou[h  flows near solar-activity
minimum [Lazarw  cl al., 1988]. Two different conccp[s of the
cause of Ihosc nor[h-south  dcflcc[ions  have been dcvcloi>cd.
Onc concept is a vortex street crcatcd  in the region of slrong
shear between fast and slow streams at different latiludcs
[Vcmdov.S@,  1989; Ilurlaga,  1990; Siregar  et al., 1992; Siregar
et al., 1993]. Rcccnt three-dimensional magnctohydrodynamic
simulations of the in[cractions of stationary streams caused by
the tilt of [hc Sun’s magnetic dipole wi[h rcspczt  to IIIC Sun’s
spin axis arc also able to rcproducc  the north-sou[h flows seen
by Voyager [Pizzo, 1994a, b]. Obscrva[ions  farl}~cr out in LIIC
hcliosphcrc  may bc able to distinguish bctwccn  [hose lwo
conccp[s  bccausc  the vortex slrcct  would grow wilh distance
while the stream in[crac[ions would dic out.

The intcrplanclary  magnetic fickl is, of course, weaker in the
ou[er hcliosphcrc  than closer in, but like the plasma sped and
tcmpcra[urc,  its strcng[h dots not dccrcasc  monotonically, M
shows local maxima and minima rclakxl to solar activity as WCII
as to Lhe interaction of fasl and slow streams. Ihc hc.fiosphcric
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current shccl  (}lCS) which divides regions domirm[cd  by [hc
magnc[ic frckis of the northern and soulhcm magrrclic poles of
the Sun can still bc tiiscerncd at 50 AU imd [hc Iati[uric of lhc
HCS is generally consistent wilh lhc latiludc  inferred from
mcmurcmcn[s  of the magrrclic ficlrf at the surface of [hc Sun
[Burkrgrr and  Ness, 1993b]. The north-sotr[h  component of [hc
field has an average value of zero, even at the Voyager 1
location some 30° north of [hc cclip[ic  pl.ant, in agrccrncnt with
Parker’s spiral model. ‘f’hc average azimuthal components were
consistcm[ wi[h Lhc cxpcc[cd  spiral directions in 1986-7, but
were greatly (iisturbui  during 1989 when soiar activity was high
and [ransicn[  flows can dis[or[  tile HCS [Bur/agrr  and Ness,
1993 b].

‘f?rcrc is a continuing debate about whc;hcr or not there is a
fiux deficit in the dis[ant  tnagnc[ic  field whicil,  if it cxisls,
would rcsul[ from a nc.t piasrna flow from Lilt equator toward
Lhc poles [ Witicrtdtcr et rd., 1990; Iturlaga and Ness, 1993a].
When fit to a power-iaw rcla[ion,  the Voyager-2 plasma dala
yield proton density proportional [o r21°~003  and speed
proportional to r+oosiool [~ek-hcr  CI al,, 1993], whicil, if taken
at face vaiuc, wouid imiica[c a divcrgcncc  of the plasma OU[  of
the equatorial region, but time (e.g., solar-cycle) variation may
alias the radial fits.

The relations bctwccn  the hcliosphcric current sheet,
rnagnctic  sectors, and strcarn  interaction regions famiiiar  10
observers at 1 AU disappear at Iargc dis[anccs 10 bc rcp]acrxi by
several Lypcs of “rncrgcd interaction regions” [Durlaga ef al,,
1993]. Sornctimcs lransicnt  s[rcams and quasi -s[c.ady coro[a[ing
streams irr[crac[ 10 form compound slrcams even wilhin 1 AU
[lleharmon  et al., 1991]; sometimes two [ransicnt streams
collide and interact [Phillips et al., 1992]; whi]c at other tirncs
single streams rnainlain  lhcir  identity 10 distances of at icast
6 AU [Siscoc and 1nfrili8ator,  1993].

The IIigh Latitude lieliosphere

Ftcforc the Uiysscs  mission, in situ mcasurcmcnts  of the solar
wind plasma had been lirnitcd to heliographic lat itudcs of S16°
(Bccausc  of an instrument failure, Voyager 1, now at -32”N
latihtdc,  can rncasurc  Lhc rnagnctic  ficki,  but not the plasma
parameters.). Ulysses rcaciuxi its highest latitude of 80.2°S in
Scptcrnbcr, 1994.

Figure 2 shows the solar wind spcai mcasurd by LHysscs as
a function of heliographic Iatitudc front the time of the Jupiter
flyby in February, 1992, through Scptcrnbcr,  1994. From
Jupiter to -12°S, Ulysses observed rather slow, ilighiy
fluctuating solar wind speeds which arc no[ unusual for ncar-
ccliptic,  solar maximum conditions near 5 AU. The change at
-12°S was caused by boti~ the increasing solar la[itu(ic  an(i
changes on the Sun, leading to the spacecraft passing in and out
of the quasi-steady high speed flow from the souti]crn  polar
coronal hole, and crossing the low-speed slrcamcr  belt and
hcliosphcric  currcn[ sheet once pcr soiar rotation [Bane  el al.,
1993]. Ti]c high-speed streams seen by Ulysses bctwccn
rougilly  15 and 20°S arc probably [hc same streams seen by
Voyager in 1993 (Figure 1). Tile stream arnpliludc  of --350
km/s measured at Uiysscs was not only much grcalcr  than that
measured at Voyager, but also slightly greater than that
rncasurcd in the cdiptic at 1 AU by IMP 8, despite lhc greater
heliocentric distance (>5 AU) of Uiysscs. ‘f’hc dc.dine in s[rcam
intcrac[ions  wilh incrcasirlg ilcliographic  la[ihrdc bctwccn O and
-20° is evidently greater [iIan the increasing effect of stl cam
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inkmc[ions  bc[wccn 1 and 5 AU.
Bcyonrf -28°S the spacecraft remained above the currcn[

shcc[ [Srnilh  cl al., 1993], while after -35°S, i{ was pcrmancn[]y
in the high-speed polar flow [Phiilips  cl al., 1994]. Beyond
-40°S, thc spd observed by UlySSCS  Wiis usually bc[wccl] 700
and 800 kn~/s, which is -100 km/s higher than [hc highcs[
yearly-average speeds rncasurcd  al high latitudes by remote
sensing using inlcrplanc(ary  scintillation (IPS) [cchniqucs over
the 16-year period 1972-1987 [Rickc[f and Colts, 1991]. The
difference is perhaps not surprising bccausc  direct comparisons
of ll>S data  will] in-ecliptic spacccraf[  da[a have previously
shown that 11’S of[cn undcrcs[ima[cs  the highest speeds.

Even though the origin of coronal mass cjcc[ions  (CMES)
which cause Lransicn[ solar wind flows arc highly conccntramd
near lhc Sun’s mag,nctic cqualor  (i.e., llIc hdiosphcric  currcrlt
shcc[) [//undhau.scn,  1993], Ulysses conlinucs [o observe CME
flow at high Iati[udcs. There arc some inlcrcsling  diffcrcnccs
bctwccn CMES  near Lhc cqua[or  and at high latitudes. Firs[, a
wide range of solar-wind speeds (from 200 [o 1000 km/s,
including [hc spike seen in Figure 2 near 20°S) is observed in
near-equatorial CME flows, whereas all the CME.s observed by
Ulysses above 40°S lati[trdc had speeds be[wecn 650 ancl 800
km/s {Gosling cl al., 1994a]. Second, some of dic high-l aiitudc
CMES were prcccdcd  by a forward shock and followed by a
rcvcrsc  shock; such shock pairs driven by the rapid expansion of
CME material had no[ been prcvious]y  identified in [hc solar
wind [Gosling et al., 1994b].

Solar-rotation averages of the proton  flux, normali~cd  [o
1 AU, showed a dccrcase  from --4x10s cm-%-l cquatorward  of
-10° to a fairly steady value of -2.5x108 cm-2s-l  bc[wccn 40°
and 60°S [Gold.vtcin  et al., 1995; McCoInru ct al., 1995].  The
proton tcmpcra[urc  observed by LJlysscs polcward  of 40°S is
signifrcandy  lower (1 .5xl@  K) than that in higll-speed streams
near the cc]ip[ic (2.3x1@ K) [McComa.s ct al., 1995].

To Iali[udcs  of 45°S, Ulysses obscrva[ions of the radial
component of Lhc magnc[ic field, which is the component which
comes closest to charactcri~.ing dlc field strength in Lhc source
region of the solar wind, rctnaincd  conslant with la[i[udc. At the
same time, the rcla[ivc  ampli[udc of Alfv6n waves (propagating
changes in the dircc[ion  of the magrrclic  field) propagating
outward from the Sun incrcascd strongly with increasing
latitude and showed Iongcr pcnods  or Iongcr wavclcngtils  than
the Al fv6n waves seen in high-speed streams in the ecliptic
[.$milh et frf,, 1995].

(Hose To 1’IM Sm

There has been no oppor[uni[y for in si[u mcasurcmcnts  of the
properties of the solar wind at solar dis[anccs  ICSS  than the
0 .3  AU per ihe l ia  of  [hc IIclios spacccraf[.  All rcccnt
obscrva[ions of the inner hcliosphcrc have [hcrcforc been
obtained by rcmo[c sensing. LJsing radio scintillation
[Whniqucs,  Woo and Gazis  [ 1993] found that inside 0.3 AU, the
variation in [hc so]:ir wind struc[urc  is more pronounced than it
is farther out, with most of the ffuctua[irms occurring in the slow
wind near lhc hcliospheric  current sheet, ra[hcr  than on the
leading edges of high-speed strcarns.  In another study using
ll)S,  Colts ei al. [1991] were able to study the profiles of
velocity versus solar  dis[ancc  bctwccn  11 and 90 solar radii
(0.05 to 0.42 AU) for 16 solar wind streams. Ilalf the shcams
had velocity profiles in good agrccmcn[  with thcorclical  solar
winci models Lhat inc.luclcd tno(icratc amounts of acceleration by
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hydromagnctic  waves, but four of [Im streams had profiles
which were too steep and four olhcrs had profiles which were
loo flat 10 bc cxphrincd by such models. In a Ia[cr study [Cries
and  Esscr, 1992], it was shown tha[ [hc wave energy required u.s
explain the accclcralion  of Lhc streams with normal pro frlcs is
crmsistcn[  with Ihc upper bounds dctcrmincd  from other 11’S
obscrva[ions.

Woo and Goldstein [ 1994] used spectral broadening of
spacecraft radio signals to probe the solar wincl in the range of 3
to 8 solar radii (0.01 100.04 AU) under conditions of minimum
solar activity. They found that  the solar wind speed was
approximately 2.2 times greater at -60° latitude than it was near
[he solar equator; their result is consistent wilh earlier 11’S tfala
obtained at solar dislmrccs >0.5 AU.

O[hcr  clata in the inner rcgiorts of the solar wind were
ob[aimxt by the Sparlan 201, a spacecraft carrying  a while-fighl
coronagraph  and an ultraviolc[  coronal spcctromc[er  during a
Space Shut[lc mission in April, 1993 [Kohl  ef al., 1994;
Sfrachm et al., 1994; Fisher et al., 1994]. Although vclocily,
dcnsi[y,  and tcmpcra(urc  data were ob[aincd out to 3.S solar
raciii in both coronal strcarncrs  and coronal ho]cs,  the final
results from Ihosc cxpcrimcn[s  arc not yet available. (l[hcr
flights of Spartan 201 arc schctfulcd  to coincide with lhc
lJlysscs  passages over [hc solar polar regions.

Acfinowlcdgrncnts. Ibis review was carried out at the Jet
Propulsion I,aboralory of the California Insii[ute. of Tcchrrology
under a conlract  with the US National Aeronautics and Space.
ArhninisLration.
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Figure. 1. One-day avcmgcs of Lhc solal wind sped and densi[y
observed by Voyager 2 bclwccn January, 1990, and June, 1993
[Delcher et al., 1993].

Figure,  2. ‘hvc]vc-hour averages of the solar wind spcx?d observed
by Ulysses versus hcliograpbic latiludc from February, 1992
through .$cplcrnbcr, 1994 (aflcr [Phi//ips el d., 1994]).

Ngurc.  1. One-day averages of the solar wind spcal  and density obscr vcd by Voj agcr 2 bctwcca JaauaT y, 1990,
and June, 1993 [L’clcher et al., 1993].

Figure. 2. Twelve-hour averages of the solar wind speed observed by Ulysses VCI  ms hcliop,l aphic liilitudc from
February, 1992 lhrough  Scptcrnbcr, 1994 (after [Phillips  el al., 1994]).
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